Varicella-zoster virus (VZV) open reading frame 9 (ORF9) mRNA is one of the most abundantly expressed messages during VZV infection. However, little is known concerning the function of ORF9 protein. Here, we found that transient expression of ORF9 fused to enhanced yellow fluorescent protein (EYFP) in COS-7 cells showed a predominantly cytoplasmic localization in the absence of other viral proteins. By constructing a series of ORF9 variants fused to EYFP, a bona fide bipartite nuclear localization signal of ORF9 was, for the first time, determined and mapped to aa [16][17][18][19][20][21][22][23][24][25][26][27][28][29][30][31][32]. Additionally, the nuclear export signal (NES) was identified and found to be in a leucine-rich region at aa [103][104][105][106][107][108][109][110][111][112][113][114][115][116][117]. Finally, ORF9 was demonstrated to be targeted to the cytoplasm through the functional NES by Ran and the chromosomal region maintenance 1-dependent pathway, and to the nucleus via an importin b-dependent pathway that does not require importin a5.
Varicella-zoster virus (VZV), a member of the genus
Varicellovirus within the subfamily Alphaherpesvirinae of the family Herpesviridae (Grose, 1981) , is the causative agent of varicella during primary infection of the host and of herpes zoster upon reactivation from latency in sensory ganglia (Cohen, 1996) . Open reading frame 9 (ORF9), a VZV-encoded late protein consisting of 302 aa, is a member of the highly conserved alphaherpesvirus UL49 gene family (Davison & Scott, 1986) and, as the orthologue of HSV-1 VP22, is believed to be a major constituent of the VZV virion tegument. VP22 has been extensively studied. However, the functional properties of ORF9 are less well understood, despite the fact that its transcript is one of the most abundant viral messages expressed during VZV lytic infection (Cohrs et al., 2003) . To date, little is known about the exact subcellular localization and functional domains of ORF9. This is undoubtedly interesting, as the amino acid sequence of VZV ORF9 shares low homology with those of other herpesvirus UL49 homologues (Cilloniz et al., 2007) .
As previously reported (Cilloniz et al., 2007) , ORF9 protein exhibited a predominantly, if not exclusively, cytoplasmic localization in VZV-infected cells, which was demonstrated by using a fixation procedure. However, it is well known that some fixation protocols may alter the subcellular localization of proteins. As an alternative method to investigate the intracellular distribution of ORF9, a living-cell fluorescence microscopy technique and enhanced-yellow-fluorescent protein (EYFP)-tagged variants were used (Ding et al., 2010; Guo et al., 2009; Xing et al., 2010) . To study the subcellular localization of ORF9 in the absence of other viral proteins, plasmid expressing EYFP monomer, dimer (dEYFP) or trimer (tEYFP) fused to the C terminus of ORF9 or EYFP fused to the N terminus of ORF9 were constructed (Fig. 1a) using VZV BAC DNA as a template (Zhang et al., 2008) . COS-7 cells (ATCC CRL1651), a useful tool for studying subcellular localization of proteins, were transfected with plasmids pEYFP-N1, pORF9-EYFP, pORF9-dEYFP, pORF9-tEYFP or pEYFP-ORF9 as described previously (Ding et al., 2010; Guo et al., 2009; Xing et al., 2010) . The subcellular localization of these fusion proteins was imaged in live cells. As shown in Fig. 1(b) , in the pEYFP-N1-transfected cells, diffuse fluorescence was observed throughout both the cytoplasm and the nucleoplasm but not the nucleolus. In contrast, ORF9-EYFP, ORF9-dEYFP, ORF9-tEYFP and EYFP-ORF9 showed identical patterns of localization, with a predominantly cytoplasmic localization and a faint staining in the nucleus. Since ORF9-EYFP, ORF9-dEYFP, ORF9-tEYFP and EYFP-ORF9 showed similar localization patterns, the following experiments were performed only for monomeric EYFP fused to the C terminus of ORF9.
To investigate the subcellular localization of ORF9 at different stages, a time-course of expression was conducted and showed (Fig. 1c) that the ORF9 protein accumulated in the cytoplasm as early as 2 h after transfection. Subsequently, its level increased progressively from 4 to 12 h. At 24 h post-transfection, it reached a peak and was concentrated in either large punctate domains or multiple domains in the cytoplasm. Simultaneously, it is clearly shown that some ORF9 transferred from the cytoplasm to the nucleus and accumulated in a dot-like domain. This is novel and adds to our knowledge about the subcellular localization of ORF9, however, the exact function of ORF9 in the different subcellular compartments during VZV infection or transfection remains unknown. It is likely that various dynamic interactions between ORF9 and different cellular proteins are required, because VP22 localized to the nucleus has been shown to associate with histones and nucleosomes and may have modulatory effects on virus replication (Ren et al., 2001 ) and transcription or replication of host cells, perhaps to prepare them for infection (Elliott & O'Hare, 2000) . Additionally, the predominantly cytoplasmic localization has also been shown to be required for optimal protein synthesis at late time points of viral infection (Duffy et al., 2009) . Accordingly, the cytoplasmic and nuclear localization of ORF9 must play an important role in this context, and this prompted us to identify the nuclear localization signal (NLS) and nuclear export signal (NES) of ORF9.
It is well known that NLSs are mainly composed of basic residues (Emmott & Hiscox, 2009 ). Sequence analysis using PSORT II (http://psort.hgc.jp/) (Nakai & Horton, 1999) predicted that ORF9 had two classical NLSs in the arginine-rich regions of ORF9, namely RRKTTPSYSGQY-RTARR (bipartite) at aa 16-32, and RKPK (pattern 4) at aa 272-275, which were designated NLS1 and NLS2, respectively. In order to determine whether one or both of these NLSs are functional, two deletion mutants lacking the corresponding NLS were made (Fig. 2a) . As shown in Fig. 2(b) , deletion of the region containing NLS2 (D271-302) had no effect on the nuclear targeting of ORF9-EYFP. In contrast, deletion of the N-terminal 32 aa containing NLS1 abrogated the nuclear targeting of ORF9-EYFP, which accumulated throughout the cytoplasm. These results clearly indicated that aa 1-32, but not aa 271-302, contain a functional NLS and are essential for nuclear localization of ORF9.
To determine whether the arginine-rich region (aa 16-32) functions as an NLS, we tested the ability of NLS1 to transport EYFP to the nucleus. As expected from the deletion-mutant analysis (Fig. 2b) , ORF9 NLS1 fused with EYFP (aa 16-32-EYFP) showed significantly nuclear localization, whereas the fluorescence of aa 271-302-EYFP was identical to that of EYFP, thus confirming that NLS1, but not NLS2, was a functional NLS. To further confirm that the NLS1 is a bona fide bipartite NLS, plasmids encoding EYFP fused to three different peptides (aa 1-27, 1-32 and 21-210) were constructed (Fig. 2a) . As shown in Fig. 2(b) , aa 1-27 did slightly direct EYFP to the nucleus. In contrast, the fluorescence of aa 21-210-EYFP was evenly distributed throughout the cytoplasm and the nucleoplasm but not the nucleolus, indicating that both of the arginine-rich motifs RRK and RTARR were very important and were indispensable for the nuclear localization of ORF9. In addition, the fluorescence of aa 1-32-EYFP was identical to that of aa 16-32-EYFP, suggesting that aa 1-15 had no effect on the nuclear localization of NLS1. Taken together, these results indicated that the minimum sequence of ORF9 required for and capable of directing a heterologous protein into the nucleus is a 17 aa peptide, RRKTTPSYSGQYRTARR, which is a functional bipartite NLS that contains two arginine-rich motifs, RRK and RTARR.
It is well known that NESs consist of largely hydrophobic, leucine-rich sequences (Nakielny & Dreyfuss, 1999) , which are critical for its nuclear export function (Görlich & Mattaj, 1996) . Amino acid sequence analysis of ORF9 using the NetNES 1.1 Server (http://www.cbs. dtu.dk/services/NetNES/) revealed that it contained two leucine-rich motifs that might represent putative NESs, namely aa 103-117 (LRHELVEDAVYENPL) and aa 212-223 (LDRLLTGAVIRI). These two regions were designated NES1 and NES2, respectively. To map the amino acid sequence within ORF9 responsible for its nuclear export, a series of deletion mutants encompassing aa 1-247, 1-210, 211-247, 211-270 and 211-302 each fused with EYFP were constructed (Fig. 2a) . As shown in Fig.  2(b) , aa 1-247-EYFP and aa 1-210-EYFP showed identical subcellular localization to aa 1-270-EYFP, and aa 211-247-EYFP and aa 211-270-EYFP showed identical subcellular localization to EYFP, indicating that aa 1-210, but not aa 211-247, harbour a functional NES. Furthermore, aa 211-302-EYFP showed a subcellular localization pattern similar to that of aa 211-270-EYFP, which further confirmed that aa 272-275 of ORF9 was not a functional NLS and aa 211-247 did not contain a functional NES. In an effort to map the NES of ORF9 further, a deletion mutant, paa33-210-EYFP, was constructed ( Fig. 2a) and the result showed that aa 33-210-EYFP was distributed exclusively in the cytoplasm, with no fluorescence in either the nucleus or the nucleolus (Fig.  2b) , indicating that aa 33-210 might contain a functional NES. To identify the minimum amino acid sequence required for the nuclear export of ORF9, leucine residues within the 103 LRHELVEDAVYENPL 117 sequences of aa 33-210 and ORF9 were mutated with neutral alanine residues to yield 103 ARHEAVEDAVYENPA 117 , and fused with EYFP to create paa33-210-mNES1-EYFP and pORF9-mNES1-EYFP, respectively (Fig. 2a) . The plasmid pORF9-mNES2-EYFP was similarly constructed. As shown in Fig. 2(b) , mutation of NES1 within aa 33-210 abrogated the cytoplasmic localization of aa 33-210-EYFP, and 33-210-mNES1-EYFP showed identical subcellular localization to EYFP. Moreover, unlike ORF9-EYFP, ORF9-mNES1-EYFP was predominantly restricted to the nucleus and not the cytoplasm. In contrast, the subcellular distribution of ORF9-mNES2-EYFP was identical to that of ORF9-EYFP, indicating that the leucine residues within aa 103-117 are undoubtedly important for the nuclear export of ORF9.
To confirm further that NES1, but not NES2, is a functional NES, plasmids encoding EYFP fused to NES1 and NES2 were constructed (Fig. 2a) . As shown in Fig.  2(b) , NES1 could direct EYFP exclusively to the cytoplasm, whereas the NES2 did not, suggesting that NES1 ( 103 LRHELVEDAVYENPL 117 ) possessed authentic and transferable NES activity and was sufficient to mediate the nuclear export of non-shuttling protein. Taken together, these pieces of evidence indicated that the minimum amino acid sequence required for the nuclear export of ORF9 is 103 LRHELVEDAVYENPL 117 .
The Ran protein has been shown to be required for classic NLS-dependent nuclear transport (Moore & Blobel, 1993) and the translocation of NES-containing proteins from the nucleus to the cytoplasm (Lindsay et al., 2001) . Furthermore, most import and export processes studied so far require the Ran GTPase protein. To further explore the nuclear transport mechanism of ORF9, a dominantnegative Ran protein, Ran-GTP Q69L, which is deficient in GTP hydrolysis (Isegawa et al., 2008; Palacios et al., 1996) , was introduced to determine whether Ran is required for the nuclear transport of ORF9. COS-7 cells were co-transfected with pRan-Q69L-ECFP and pORF9-EYFP and the subcellular localization of Ran-Q69L-ECFP and ORF9-EYFP was monitored. As shown in Fig. 3(a) , co-transfection of Ran-GTP Q69L clearly blocked the nuclear export of ORF9, whereas ORF9 alone was predominantly targeted to the cytoplasm. This result demonstrated that the translocation of ORF9 from the nucleus to the cytoplasm is Ran dependent and requires GTP hydrolysis.
A well-characterized canonical NLS is recognized by members of the importin family of cellular transporters (Alvisi et al., 2008) such as the importin a-b heterodimer, in which importin a recognizes the NLS and importin b facilitates the importin a-NLS interaction by mediating a conformational change in importin a (Kobe, 1999) . To identify the cellular receptor responsible for ORF9 nuclear targeting, two dominant-negative mutants of importin a5 and importin b (also known as karyopherin a1 and karyopherin b1, respectively), which lack the ability to bind importin b and Ran, respectively (Chi et al., 1997; Guo et al., 2010; Kutay et al., 1997; Reid et al., 2007) , were introduced to determine whether they are required for the nuclear transport of ORF9. Plasmids pORF9-EYFP or pORF9-mNES1-EYFP were co-transfected with pDNka1-ECFP or pDN-kb1-ECFP into COS-7 cells, respectively, and their subcellular localization was monitored. As shown in Fig. 3(b) , co-transfection of DN-kb1-ECFP with ORF9-EYFP or ORF9-mNES1-EYFP significantly blocked the nuclear import of ORF9. However, dominantnegative importin a5 did not. These results demonstrated that the nuclear import of ORF9 is mediated by a classic importin b-dependent pathway that does not require importin a5.
Leucine-rich NESs have been identified in an increasing number of cellular and viral proteins executing quite varied biological functions. Most studies pertaining to nuclear export have implicated the chromosomal region maintenance 1 (CRM1) protein, a host cell protein that is a member of the importin/exportin family of nucleocytoplasmic transport factors and required for the nuclear export of proteins containing an NES (Fornerod et al., 1997) . However, the antibiotic compound leptomycin B (LMB; Sigma), a potent and specific nuclear export inhibitor (Fukuda et al., 1997) , can alkylate and inhibit CRM1. To investigate the nuclear export mechanism of ORF9, COS-7 cells transfected with pORF9-EYFP, pNES-EYFP (NES1) and positive control pRev-NES-EYFP were treated with LMB at a final concentration of 20 ng ml 21 for 2.5 h. It was known that LMB treatment could almost completely abolish the nuclear export of pRev-NES-EYFP (Williams et al., 2008) , and similarly the nuclear export activity of ORF9 and its NES were almost completely abolished by LMB treatment (Fig. 3c) , indicating that the export of ORF9 protein is probably achieved through its direct interaction with the nuclear export receptor CRM1. Taken together, this is compelling evidence that the functional NES mediates the nuclear export of ORF9 from the nucleus to the cytoplasm through a CRM1-dependent pathway.
In conclusion, by constructing a series of deletion mutants fused with EYFP and fluorescence microscopy analysis, we identified an N-terminal arginine-rich NLS ( 16 ) and an N-terminal leucine-rich NES ( 103 LRHELVEDAVYENPL 117 ) in VZV ORF9. However, some of the fusion proteins of ORF9 may diffuse through the nuclear pore complex (NPC) without active import and some others (of approx. 50-60 kDa) may be too big to diffuse across the NPC. Additionally, the ORF9 protein was demonstrated to be transported between the nucleus and the cytoplasm through a classical NES by a CRM1-dependent pathway and via a classic NLS by a Randependent and importin b-dependent pathway that does not require importin a5. 
